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FORTHEMACHNUMBERRANGE1.27 TO2.’751
ByPaigeB. BurbankandRobertW. Byrne

A methodof designi.ngan asymmetric,fixed-geometry,variableMach
numbernozzlehasbeendevelopedby usingthemethodof characteristics.
A smallnozzleconformingtotheanalfiicallydetenntiedordinateswas
constructedandcalibratedovera rangeofMachnumbersextending
from1.27to 2.75.TheresultsshowthevariationinMachnumberto
be *O.02or lessandintheflowdirectiontobe *O.> withinthetest
section.TherangeofMachnumbersfrom1.27to 2.75wasobtainedby
translatingthelowerblockina straightlineparallelto thetest-
sectioncenterlinefora distanceof 2.17test-section heights.

INTRODUCTION

InterestinthedesignandoperationofvariableMachnunbernozzles
hasincreasedconsiderablyrecentlybecausea numberof large-scalesuper-
sonicresearchenddevelopmentfacilitiesarebeingplannedor designed.

● A schemewhichpermitstheMachnumberinthetestsectionto be changed
by changingtherelativepositionoftwonozzleblocks,eachofwhichhas
fixedgeometry,wasfirstinvestigatedattheAmesAeronautical~boratory

. andisreportedinreference1. Thistypeof variableMachnumbernozzle
hasseveralfeatureswhichmakeitmostsuitableforrapidsupersonic
testingofaircraftandaircraficomponentswhichoperateovera moderately
largeMachnumberrange.Themostimportantfeaturesarethefollowing:
Witha nozzleofthistypeit ispossibleto changethetestMachnumber
continuouslyduringthetestrun. Lowstartingcompressionratiois
obtainableforthistunnelsinceit canbe startedwhileinthelowMach
numberpositionsndlatermovedto a highMachnumbersetting.Thislatter
advantagealsoeasesthestructuralproblemconnectedwithmodelsendmodel
supportsinthatthestartingloadscanbe reducedconsiderably.A simple
variablesecond-minimumsectioncanbe combinedwiththetranslational
movementof theblockandlowrunningpressureratiosobtainedoverthe
Machnwber range.SincetheMachnumberischangedbya straight-line

—

.—

%upersedestherecentlydeclassifiedNACARM L50L15,“TheAerodynamic*
DesignandCalibrationof anAsymmetricVariableMachNumberNozzleWitha
SlidingBlockForthe&ch NumberRsnge1.27to 2.75”by PaigeB. Burbank

n sndRobertW. Byrne,1951.
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translationofonepart,themechanismrequiredissimple.Thetime-
consumingprocessofchangingnozzleblockswiththefixed-block~single
Machnumberdesignor of chsngingthenozzlecontourwithflexiblewal-~

*

iseliminated.

m theexperimentalinvestigationreportedinreference1}a
.

nozzlewasobtainedwhichgivesfairlyconstantvelocityattheaxis
ofthetestsectionintherangeofMachnumbers
However,an appreciablevariak~onof velocitY~
thestreamwasfoundwitha consequentcurvature
forsupersonicMachnumbers.Theturningofthe
correspondingto thedatapresentedinreference
2° inthehighMachnumberrange.

between0.8and2.0,
a directionnormalto
ofthestreamlines
test-sectionstream,
1,wasoftheorderof —

~ 1948workwasbegunattheLangleyAeronauticalLaboratoryona
programof’developinga variableMachnumbernozzleof theasymmetric,
fixed-geometrytype. Thegeneralarrangementwasshnilarto thatcon-
sideredinreference1. Theupperandlowe”rblocksofthenozzleare
of fixedgeometry(notflexible);oneblockistranslatedina straight
linewithrespecttotheotherandinthiswaya continuousvariation
of-test-sectionMachnumberisobtained.Thetranslationisinthe
directionparallelto thedirectionofthestreamtithetestsection,
and,therefore,thedimensionsof thetestsectionaremaintained
constantwhiletheMachnumberis changed.Incontrastwiththedesign
procedureusedinreference1,however,theprogramdescribedbeganwith
ananalyticaldeterminationofthenozzles~apebyusinga characteristic--
netconstructionindesigningthenozzleoverthedesignMachnumberrange
andbasicdesi~ criteriagivenlater,whichareduetoDr.AntonioFerri
oftheLti”gleyLaboratory.Thefirst--stepwasthedeterminationof a
methodof obtaininga satisfactorycharacteristicnetovertherangeof
Machnumbersconsidered.Aftertheprincipleshad%eenestablishedand
shownto givesatisfactorynozzledesigns,variousmethodsof applicati-on,
togetherwithexperimentalinvestigations,wereinitiatedatboththe
AmesandLangleyLaboratories. —

Thispaperpresentsthebasicdesignmethodande~erimentalresults
of a calibrationofa nozzlewhichwasconstructedto conformto the
analfiicallydeterminedordinates.TherangeofMachnumbersoverwhich
thenozzlewascalibratedextendedfrom1.27to Z.7~.

SYMBOLS

%ml heightof

h heightof

firstminimum

testsection
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d longitudinalpositioningdimensionforrelativeblockpositions

M Machnumber

X)Y coordinatesof theblocks,in.(Referencesxisis givenin fig.5)

Subscripts:

L lowerblock

u upperblock

NOZZLEDESIGN

A Machnumberrangeextendingfrom1.7 to 2.6 wasselectedasbeing
representativeof a rangewhichwouldhe ofmostimmediateinterest.The
actualMachnumberswere1.71 and2.63, whichwereselectedto avoid
interpolationin existingsupersonic-flowtables.Itwasfirstassumed
andlatercheckedanalyticallythat,ifa nozzleshapegivinguniform
flowinthetestsectioncouldhe determinedforthesetwolimitsof the
Machnumberrange,goodflowcouldbe expectedattheintermediateMach
numberssndalsofora limitedrangeofMachnumbersaboveandbelowthe
designrange.

Threedesigncriteriaweresetup tobe followedthroughoutthe
design:thenozzlecontourwasto havethesecondderivativeofthesame
sign(withoutinflectionpoints)inthesupersonic-flowregion;thevari-
ationof thefirstderivativeof thenozzlecontourshouldbe continuous
andsmooththroughoutthenozzlelength;andno compressionwaves“were
tobeusedinthecharacteristicdesignofthenozzles.Thenozzlecon-
tourwastobe designedwithoutinflectionpointsin orderto eliminate
flowdiscontinuitieswhich,aswillbe apparentfromthefollowingdis-
cussion,aredifficulttohandleinthecharacteristic-netconstruction
usedinthenozzledesign.Thenecessityof introducingcompressionwaves
intothecharacteristicnetistherebyavoidedandthethirddesigncri-
terionispartiallysatisfied.Itwasdesiredtomskethefirstderiva-
tiveofthenozzlecontourcontinuousandsmoothsothata continuous
variationof theflowphenomenacouldbe expectedovertheMachnumber
rangewhenoneblockistranslatedwithrespectto theother.Thiscon-
tinuousvsriationof flowpropertieswouldalsotendto insureuniform
flowinthetestsection.Thethirdcritericmofnotintroducingcom-
pressionwavesintothenetwaschosenbecausecompressionwavestendto
producelocalthickeningoftheboundsrylayerendbecausethesecompres-
sionwavestendto collectandforma shockwaveastheytraveldownstream.



Inorderto stsrtthecharacteristic-net
methodpresented,theshapeof thesonicltie
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constructionforthe
mustfirst–bedetermined. R—

Inorderto simplifythenet–constructionitwasdecidedthatthesub-
sonicentrancesectionshouldbe designedin sucha msnnerthatthe .__.._ .
soniclinewouldbe straightandperpendic-ulartothewallatthefirst- <
minimumsection.Theanalysispresentedinreference2 andexperimental
resultsof reference3 showthat,ifthenozzlewallsinthevicinityof
theminimumsectionareparallelandhavezerocuvatureandthecon-
vergingsubsonicsectionapproaching,this._r_egionisverygradual,a
straightsoniclinecsnbe obtained.The.s_ubsonicportionofthenozzle
andtheminimumsectionweredesignedto satisfytheseconditionsthrough-
outtheMachnumberrangeanda straightsoniclinewasusedinthe
characteristic-netconstruction;thus,theshapeofthesoniclineasa
parameterinthenozzledesignwas el.iminat~.Sinceoneblockwasto
remainfixedandtheMachnumbertobe variedby translatingtheother .
blockina straightline,thepositionofthesoniclineononeblock
hadtobekeptfixed,whilethesonic-line,positionontheotherblock
movedalonga portionof thesurface,whichfl_therefore,hadtobe straight-.

Thedetailsof thedesignprocedurearedescribedby presenting
itas itwasappliedto theparticularproblemof designinga nozzlefor
thepreviouslymentionedMachnumberrange.Themethodcan,of course,
be appliedto otherMachnumberrangescloseto theoneselectedin
thispaper.

Thefirststepinanalyticallydeterminingtheshapeof thenozzle
wasto designa nozzleshapewhichwouldsatisfytheconditionsof
uniformflowinthetestsectionatthe,twodesignMachnmbersof 1.71
and2.63. Sincetheamountof flowturningrequiredto obtaina Mach
numberof 1.71wasreasonablysmall(l@),itwasdesirableto construct #
a characteristicsnetforthisMachnumberwhichwasfreeofreflected
waves, Thisproceduresimplifiedthenetconstructionand,aswillbe
seenlater,permitteda moreaccuratedeterminationofthenozzlecontour

w

andkepttherelativemovementoftheblockstoa minimum.Sincethe
Machnumber1.7’1netwastohave180ofturningtoobtainthecondition
ofno reflectedwavesandsincethesamenozzleshapehadto developa
uniformflowat a Machnumberof 2.63 (equivalentto 42°oftuxmbg)by
simpletranslationina straightlineofoneof theblocks,thenet
resultingfroma Machnumber2.63 settingoftheblockswouldrequire
24° of floweqansiontobe obtainedby reflectedexpansionsinthe
characteristicnetforthehigherMachnumber.Theprocedurethenwas
to designfirstthepartof the2.63 nozzl%-nearthe fiiwt-mtiimun
section.Fora firstapproxhnationtothenozzleshape,a character-
isticnetwasconstructedgraphicallyforbothMachnumberswith2° *
expansionlines.Theuppersurfaceofthenozzlewasmaintainedstraight
(A-B,fig.l(a)) untila 24°differenceirirequiredexpansionbetween
theMachnumbersof 1.71and2.63wasmadeupby reflectedwaves.With .4
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net,sixreflectionswererequiredtomakeupthedifferencesin
e~ansionrequired.(Seefig.l(a).)Thelower-nozzlesurfacefrom

pointC topointD isusedto cre=teenoughexpansionwavesforthe
requirednumberofreflectionsintheregionA-Bon theuppersurface.
Theinitialselectionofpointspacingoftheexpa,nsionwavesfromC-D
isarbitrary;however,considerationsof over-allnozzlelengthandthe
criterionofsmoothchangesincurvaturemakeitdesirableto 11.mitthe
pointspacingto smallintervalsofnearlyunifomlychamginglength
fromtheminimumto thetestsection.

Aftertheattainmentoftherequirednumberofexpansionsinthe
regionA-B,theupper-surfacedesignwascontinuedtopointE whichwas
thefirstpointatwhichtheuppersurfacehadto curveinorderto can-
celan expansionwave. WhenpointE wasreachedontheuppersurface,
thedesignofthenetfortheMachnumber2.63nozzlewastemporarily
stopped.Thefirstpartofthelowersurface(C-D)wasthenmovedalong
a lineinclinedat an angleof 18°withrespectto thestraightline
(A-B)onthefirstpartof theupperblockuntilthefirst20 expansion”
linefor M = 1.71 frompointC hittheuppersurfaceatthepointE.
(Seefig.l(b).)In figure1,thepositionsofthetwoMachnumber
settingssreshownremovedfromeachotherforclarity.Expansionlines
werethendrawn(fig.l(b))fromeachof thepointsfromC toD to the
uppersurfacewheretheywerecanceledby curvatureof theuppersurface.
Pointsof curvaturefortheuppersurfacewere,therefore,established
betweenthepointsE andF. ThedesignoftheMachnumber1.71netwas
thenstoppedsndtheconstructionof theMachnumber2.63netresumed.
ThecurvaturejustdeterminedfrompointsE to F wasplacedin itsproper
positionintheMachnumber2.63net(fig.l(c)).Fromthenewl.ydeter-
minedpointsofcurvaturebetweenE andF, expansionlinesweredrawn
withslopessuitablefortheMachnumber2.63net,downbackwardsto the
lowernozzlesurface.Someoftheseexpansionlines,in additionto
havingtopassthroughthepointsbetweenE andF determinedfromthe
Machnmber 1.71netconstruction(fig.l(b)),hadalsoto agreewiththe
linesoriginatingintheregionC-Dpreviouslydrawnforthe M = 2.63
net(fig.l(a)).Thelineswhichdidnothavetomeettheserequire-
mentsfellintheregionD-Ganddetermineda newportionofthelower
surfacecontoux(fig.l(c)).Forthisparticularexample,expansion
lineswhichfell.intheregionD-Gcouldeitherbe designedto originate
inthisregionor designedas reflectedwavesinthisregion.Theftial
choiceh thedesigninthisregionwasdictatedbymeetingtheconditions
setup inthedesignof thefirstsetof e~ansionlinesinfigurel(a).
A cut-and-tryprocesswasnecessaryh ordertomakethe M = 1.71
andM= 2.63 contoursso fardeterminedagree.Thisprocessconsisted
inadjustingthelocationsof thepotitsof expansioninthetwonets.
Theconstructionof the M = 2.63 netwastemporarilystoppedagain
andthenewlydeterminedportionof thelowersurfaceD-Gwasthen
movedto itsproperlocationon theMachnumber1.71net(fig.l(d))
andtheshapeof theuppersurfacefromF toH wasdeterminedinthessme
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mannerastheshapefromE toF wasdeterminedinfigurel(b).A new
portionof theuppersurfacewasobtained(F-H)andthedesQn ofthe
Machnumber1.71netwasstoppedandthedesignoftheMachnumber2.63
netresumed.Theportionoftheuppersurface(F-H)wasthenplacedh
itsproperpositionontheMachnumber2.63net (fig.l(e))andthe
shapeofthelowersurfacebetweenpointsG andI wasdetemninedinthe
samemannerasthesurfaceshapebetweenpointsD andG infigurel(c).
Thisprocessof alternatingbetweenthedesignsofthetwoMachnumber
netswithpoint-spacingadjustmentsmadetomatchup theexpansion
lineswascontinueduntilthel@ ofturningrequiredwasobtained.
Thedesignwasconsideredcorrectwhenthelaste~ansionlinefrom
eachnetmetat thesamepointontheupper’surfaceandtheupperand
lowersurfacesdownstreamofthislastlinewereparallelandincltied
atan angleof18°withrespecttotheinitialdirectionof theflow.

Asmentionedpreviously,themethodof desi~ involvesa process
ofcuttingandtryingbetweeneachsteptoobtainagreementbetween
thetwonets.A point-by-pointcorrespondencebetweenthetwonetsis
notnecessaryandsmallvariationsinpoint-spacingfromonenettothe
othercanbe allowed.Thedifferencebetwee~theslopesat anypairof
correspondingpoints,however,mustremainwithintheprecisiontowhich
thenetisdesigned.Afterthefirstapproximationtothenozzleshape
wasobtainedby theconst~ctionof a 2°netforthetwoMachnumbers,
anequivalent1°netwasconstructed(fig.2). Intheconstructionof
the1°net,adjustmentsinthelocationofthepointsofexpansionwere
made,buttheyweresmallcomparedwiththosefoundnecessaryinthe
initialattemptsmadewiththe20netsshownin figure1.

.

Characteristicnetswerethenconstructedforthreeintermediate *
MachnumbersandMachnumbersof 1.6and2.8by usingthe-shapeofthe
lowersurface,as determinedbefore,andfiriitigthesh&pe“oftheupper
surfacerequiredto giveuniformflowinthetestsectionfortheMach .
numberchosen.Fora Machnumberrangebetween1.6and2.8theshapeof
theupper..blockagreedwithintheprecisionoftheconstructionwiththe
shapeforthetwodesignMachnumbersof 1.71and2.63.Characteristic

.—

netswerenotconstructedforMachnumbersltierthan1.6becauseatthe
lowerMachnumlersthenozzlebecomesmuchlongerthanthatrequiredto
produceuniformflowwiththeusualtypeofnozzle.Itwasthought,
therefore,thattheexpansionprocesswouldbe sogradualthatfairly
uniformvelocitywouldbe obtainedinthetestsection.

SincethenetforthelowerdesignMachnumber1.71wasconstructed
sothateache~ansionwaveoriginatingfromthelowersurfacewascan-
celedby suitablecurvatureoftheuppersurface,itcanbe seenthat
theflowbetweenmy twoofthecharacteristiclinesofthisnetcambe
consideredas theflowbetweentwolinesina Prandtl-Me~rexpansion .

.
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arounda corner.Thenozzlecontourbetweenthesetwolinesthen
correspondsto twostreamlinesoftheflowaroundthatcorner.Each
pairofadjacentcharactertiticlineswill,of course,haveitsown
corner(seefig.3);however,continuityofthefirstderivativecan
bemaintainedbysetttigthetangentsto thestreamlines(nozzlecontour)
atthebeginningof theflowforanyonecorner(determinedby a pairof
characteristiclines)thessmeasthesettingattheendofthepreceding
cornerflow.Twocomer locationsareleftundeterminedinthisprocess,
thecornerfortheexpansionfrom0°to 1° (corner0,1, fig.3) sndthe
cornerforthee~ansionfrom1P to 180. Thecorner(0,1)canbe
determinedby plottingthetangentof thenozzlecontourforeachpoint
betweenthe1°and1P pointsof expsnsionas a functionof thelength
andfairingthecurveto zeroand18° slope, respectively.Thepointof
zeroslopewillthenbe pointO infigure3. Thecorner(0,1)csnbe
determinedby drawinga verticallinefrompointO untilitintersects
thelinedrawnfrompoint1. Thecornerfortheexpansionfrom1P to
l& canbe treatedinthesamemanner.By followingthisprocedure,
theentireshapeofthenozzlecenbe calculated.

Intheapplication.ofthismethodtothedesignofnozzlesforMach
numberrangesmuchdifferentfromthatconsideredinthispaper;itmay
notbe possibleto followexactlytheprocedurepresentedstepby step.
In fact,ina laterdesigufora nozzleto covertherangefrom2.5
to 5.0,itwasfoundmostpracticalto designa completenetforthe
higherMachnumbersnd,whiletheuppersurfaceiskeptfixed,work
backwardsto designa newlowersurfaceforthelowerMachnumber.The
pointspacingsonthetwolowersurfaceswerethencomparedandpoint
spactigsadjusteduntilthetwocurvesageed.

*

APPARATUSAND‘lEms
,

ThetestsonthevariableMachnozzlewere madeinoneof theblow-
downjetsat theLangleyGasDynamicsBranch.High-pressureairwas
throttledto thedesiredstagnationpressureanddischargedthroughthe
two-dtiensionalasymmetricnozzleto theatmosphere.

Thenozzleconsistedoftwosolidduraluminnozzleblockswitha
widthof 3 inchesanda test-sectionheightof 3 inches.The3-inchtest
sectionwasdesignedtobeginat thepointwherethelastlineofthe
1°netmettheupperwall. No second-minhmmsectionwasprovided
(fig.k). TheordinatesfortheblockssregiventitablesI andII.
Thecoordinatecentersfortheseordinatesaregivenintheassembly
drawingof figure5. TheMachnumbersshowninthisfigureforeach
positionoftheblockarethetheoreticalMachnumbersforwhichthe
blockwasset. No correctionwasmadeto thenozzleto allowforthe
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boundary-layer-displacementthickness.Previousexperiencewith
symmetricalnozzlesinthisMachnumberandReynoldsnumberrange
showedthatneglecttigtheboundarylayerresultedina flowinthe
testsectionwhichwasuniformwithintheprecisionofmeasurementsbut
at a Machnumberslightlylessthanthetheoretical.Thesonicand
supersonicportionsofthenozzleblocksweremachinedtoa tolerance
of*0.001~cho ThetoleranceofthesubsonicportionwasiO.005inch.

TheMachnumberwaschangedby stipletranslationof thelower
...-

blockalonga lineparallelto thedirectionoftheflowinthetest
section.Thetranslationnecessaryto changetheblocksettingfora
Machnumberof1.27tothatfor2.75amountedto2.17test-section
heights.Thedimensionsusedtosettherelativepositionof’thenozzle
blocksfora givenMachnumberareshowninfigure5 andtableIII.
Thesedimensionsare ~ti, h, andthehorfiontaldisplacementofthe
lowernozzleblockrelativetotheupperblo~k d. Thedimensionh

—

wasmaintainedat a constantvalueof 3 inchesfor all Machnumbers.

Aerodynamically,it-doesnotmakeanydifferencewhetherthelower
ortheupperblockismoved.However,forpracticaltestingconsidera-
tionswherea constanttest-sectionpositiou..istube maintained,the
lowerblockhastobemoved,whiletheupper-blockpositioniskept
fixed.

Inthenozzletestsreportedherein,a’fillerblockwasnecessary
to fairthelowerblockintothesettling-chamberaperture.Theside
wallswereboltedrigidlytothenozzleblocks.Whentheblocksetting
(Machnumber)wastobe changed,onesidewallwasremoved;thelower
blockwasshiftedtothenewpositionand,togetherwiththefillerblock w“
correspondingtothenewposition,wasdoweledandboltedintoplace
betweenthe two walls.

-—

.
A nozzle(similartotheonedescribed)“inwhichtheMachnumberis

tobe changeddurtigthetestrunandinwhichaerodynamictestsaxeto
beperformedcouldhavethetest-sectionaxis,horizontalandtheentire
subsonicgeometryfixedforallMachnumbers”.

.-

Thesidewallsusedinthepreltiinary8tieyhadwtidowswhich
permittedtheflowtobe visualizedalongmos~ofthesupersonicsection
ofthenozzle.ThenozzleMachnumberanddirectionsurveyspresented
inthispaperweremadewithsolidsidewallg_(without.windows)to
elhntiateanydisturbanceswhichmightoriginateat thewindow-side-
walljuncture.Thenozzle-blockside-wallJointwasmetaltometal.

—

A circularrodofrubberina groovelocated_ontheblock.sidewall
1/8inchbelowthenozzlesurfacewasusedfor sealing.(Seefig.4.)
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TheMachnumberdistributioninthetestsectionwasdetermtiedby
a static-pressuresurveyh theverticalcenterplaneof thenozzlewith
a singlestatic-pressureprobe(fig.6). Usinga singleprobewas
insuranceagainstthenecessityof calibratingeachtubeof a multitube
rakeinorderto establishtheMachnumberlevelinthetestsection.
A multituberakesmallenoughto fitinthe3-by 3-inchtestsection
wassubJectto relativelylargeconstructionerrors anddeflectionsdue
toairloadsduringthetest. b orderto avoidchokingat M = 1.27,
a smallerprobewasused(fig.7). Thestaticpressurewasmeasured

every~ alongthetest-sectioncenterlineintheverticalcenter
u

z?planeand1 aboveandbelowthetest-sectioncenter

numberwascalculatedfromtheratioof thesettling
staticpressures.

line. TheMach

chamberandlocal

Thedirectionof theflowwasmeasuredwitha wedgeprobe(fig.8)
whichhada static-pressureorificeon eachsideof thewedge.Measure-

mentsweretakenevery#-$alongthetunnelcenterline. Thewedgel

ticludedangle(20°)wastoogreatforan attachedshockat M = 1.25.
Themethodof determiningtheflowdirectionfromthewedgemeasurements
isoutlinedinreference4.

An attemptwasmadetomaintainthesameReynoldsnwnberat each
Machnmber from1.27to2.75. However,sticethenozzlewasoperated
withouta secondmtihum,theReynoldsnumberincreasedforthehigher
Machnumbers(seetableIV)becausehighstagnationpressureswere
requiredh thetunnelrunningcondition.Theequivalenttest-section
heightfora tunneloperatingwithatmosphericstagnationpressureis
includedintableIV. TheReynoldsnumberof thetableisreferredto
thetest-sectionheight.

RESULTSANDDISCUSSION

Thesummaryof theresultsoftheMachnmber andflow-direction
surveysareshowninfigures9 and10. Inthesefigures,theMach
numberamdflowdirectionatthecenterlineareshownintheregion
ofbestflowneartheendofthenozzle.Theregionofbestflowwas
foundto existina regionupstreamofthedesi~edtest-sectionregion.
Thisregion(ofthesamedimensionsasthedesignedtestsection)was
chosenas thatwhichhadtheleastMachnumberandflowdeviationover
theentireMachnumberrange.Theregionofbestflowwasfoundto be
locatedata distance0.75hupstreamofthedesigedtestsection
(fig.5). (Thelengthof thenozzlefromtheminimumsectionto the
beginningoftheexperimentaltestsectionfora Machnumberof 2.75was
4.87test-sectionheights.) Thedisplacementoftheusabletestregion
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isbelievedpartiallydueto theexistence-ofa boundarylayeron the
.— —

nozzlesurfacesfo-rwhichno correctionwasmadeandpossiblyduetothe “- ~ ‘-
conditionsexistingattheendof thetestsection.Theambientpressure
attheendofthetestsectionwasatmospheric,whilethepressureof the
jetatthispointwasbelowatmosphericpressure.Undertheseconditions m““
itispossiblefortheboundarylayerto separateupstreamoftheend —.

of thetestsectionandcauseirregularitiesto occurintheflowat
thispoint.Witha closedtunnelitmaybe possibleto extendthetest
regiondownstream.ExceptforthelowesttestMachnumber,themeasured
MachnumberinthetestsectionwaslessthanthedesignMachnumberfor
allMachnumbersettings.Thisconditionisalsoprobablydueto the
existence-oftheboundarylayer. .

Thecompleteresultsofthetunnelcalibrationsareshowninfig-
ure11. Inthisfigurethetestsectionforwhichgoodflowwasfound

..

isindicatedby solidverticallfiesandthecorrespondingtestrhombus
by dashedlines.A compilationofthenozzlecalibrationresultsis —

givenintableV wheretheMachnumberandflowdeviationsareshownfor
allMachnunbers.Itispossible,owingto therelativelylargesizeof
thewedgeprobe,thatanyconcentrateddisturbancesstrikingthewedge

—

aheadoftheorificewouldgivetwicethevalueoftheactualvariation
inpressureexistingat thatpointbecauseof itsreflectionon one
surfaceofthewedgeandthusaffecttheflow-anglemeasurements.

.-.-.-

Theresultsof theMachnumbersurveyfora Machnumberof 1.25can-
notbe analyzedinthesme manneras theresultsfortheotherMach

numbers,because,whentheprobewasinthelh~ positionoffthecenter

line,theshockfromtheconeapexwasreflectedfromthenozzlesurface
backontotheprobeat a positionveryclosetothe.staticorifices.
Thesereadtigs,however,canbe usedto determinethevariationinMach
number‘alongeachofthethreelongitudinalllnesalongwhichthesurvey
wasmade. IntableV itwillbe seenthatthemeasuredMachnumber1.27
wasgreaterthantheMachnumberforwhichtheblockwasset. Forthis
case,theblocksweremovedso faroffthelowerdesignconditionthat
thesoniclinecannotbe assumedtobe straight.Whentheblockswereset
withthesanecriteriausedtosettheotherblockpositionstherewas
a sectiondownstreamofthepositionofthefirstmintiumwhichhada
cross-streamdimensionslightlylessthanthe ~ti valueusedto set
thenozzleblocks.A highertest-sectionMachnumberthanexpectedcan
be justifiedfromtheseconsiderations.

TheaccuracyofmeasuringtheMachnumberandflowdirectionwas
determtiedfromthescatterof-testpointsobtainedfromseveraltests
madeunderthesameconditions.Theaccuracyoftheflowdirectionwas
*O.lOOandtheaccuracyoftheMachnumbermeasurementwas*0.01.

.

.

.

w
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Typicalschlierenphotographstakenduringthepreliminaryrunsare
shownh figure12 forMachnumbersof 1.54,1.87,and2.75. It canbe

& seenthatno
showninthe

.

largedisturbancesexistinth~flow:Them~t ituberake
photographswasthatusedinthepreliminarysurveys.

CONCLUSIONS

A methodof designingan asymmetric,fixed-geometry,variableMach
n~ber nozzlehasbeendevelopedbyusingthemethodof chsracteristics.
A smallnozzleconformingto theanalyticallydeterminedordinateswas
constructedandcalibratedovera rangeofMachrnnnbersextending
from1.27to 2.75.TheresultsshowthevsriationinMachnumberto
be*O.02or lessandintheflowdirectiontobe *O.2°withtithetest
section.TherangeofMachnumbersfrom1.27to 2.75wasobtainedby
translatingthelowerblockina straightlineparallelto thetest-
sectioncenterlinefora distanceof 2.17test-sectionheights.

Thelengthofthenozzlefromtheminimumsectionto thebeginning
oftheexperimentaltestsectionfor M = 2.75 was4.87test-section
heights.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,

4

April19,1951.
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q, in.

1.039
1.125
L 250
1.375
1.500
I.625
1.7’50
1.875
2.000
2.X3
2.250
2.375
2.500
2.625
2.750
2.875
3.000
3.X25
3.250
3.375.
3.500
3.625
3*750
3.875
4.000
k.125
4.30
4.375
4.500
4.625
k.750
k,875
5.000

;:?0
5.375
5.500
5.625
5.750
5.875
6,000
6.m
6.250
6.375
6,500
6.625

TABLE1

VARIABLEMACENUMBERNOZZLE- UFl%FtBLOCKORDINATES

yu, in.

9.760
9.732
9.692
9.651
9.610
9.570
9*5S
9.489
9.44$3
9.407
9.367
9.326
9.286
9.245
9*W
9.164
9.123
9.082
!3.042
9.001
8.961
8.921
&880
8.840
8.800
8.760
8.KQ
8.6!31
8.642
8.604
8.565
8.528
8.490
8.453
8.417
8.379
8.343
8.308
8.272
8.237
8.2Q2
8.168
8.133
8.100
8.066
8,033

xu, in.

6.~0
6.875
7.000

;:20
7.375
7.500
7,625
7.750
7.875
8.000
8.125
8.250
8.375
8.5oo
8.625
8.750
8.875
9.000
9.-
9.250
9.375
9.500
9.625
9.750
9.875

10.Ooa
10.325
10.250
10.375
10.500
10.625
10.750
10.875
11.000
11.3.25
w 250
11.375
11.500
11.625
11.750
11.875
I-2.000
12.1.25
12.250

yu, in.

7.999
7.967
7.935
7.903
7.872
7.840
7.810
7.780
7.750
7.720
7.691
7.662
7.633
7.605
7.577
7.550
7.523
7.496
7.470
7.444
7.419
7.39~
7.369
7*345
7.321
7.298
7.2~
7.252
7.230
7.208
7.187
7.166
7.146
7.126
7.106
7.037
7.069
7.051
7.033
7.016
7,000
6.984
6.969
6.954
6.940

1.2.375
12.5oo
12.625
3.2.750
L2.875
13.000
13.125
13,250
13*375
13,500
13.6q
13.750
13.875
14,000
14.1.25
144250
14.375
14.500,
14.625
14.750
14.8~
15,000
15,125
15.250
15.375
15.5oo
u. 625
15.750
3.5.875
16.000
16.m
16.250
16.375
16.500
16.625
21.625
21.750
2L875
22.000
22.125
22.250
22.375
22.500
22.625
22.750

yu, in,

6.926
6.913
6.900
6.889
6.877
6.867
:.:5J

6:839
6.831
6.824
6.817’
6.811
6.805
6.800
6.796
6.792
6.789
6.787
6.785
6.783
6.782
6.781
6.780
6.779
6.779
6.779
6.779
6.778
6.778
6.778
6.778
6.778
6.778
:. 7#

6:778
6.777
6.776
6,776
6.775
6.774
6.773
6.772
6.770

L

Xu, in.

22.875
23.000
23.125
23.50
23.375
23.500
23.625
23.HO
23.875
24.000
24,125
24.250
24.375
24,625
24,875
25.x25
25,375
25.625
25.875
26.x25
26.375
26.625
26,875
27.125
27.375
27.625
2J.8’J;

28:375
28.625
28.875

%%
29.625
29.875
30.1.25
30.375
30.625
30.875
31.125
31.375
31.625
31.875
32.X25
>03?5
32.500

Yu? in

6.769
6.765
6.762
6,756
6.748
6.736
6.723
6.708
6.691
6.672
6.652
6.626
6.596
: ;;;

6:382
6.296
6.200
6.089
5.972
5.844
5.699
5.514
5.279
4.970
4.554
4.042
3.56o
3.175
2.890
2.692
2.570
2.5I2
2.500
2.500
2.500
2.500
2.478
2.438
2.381
2.299
2,186
2.021
1.771
1.440
L250

.
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+, in.

o
● 375
.625
.875

1.X25
1.375
L 625
L875
2.125
2.375
2.625
2.875
3.125
3.375
3.625
3.875
4.1.25
4.375
4.625
4.875
5.X25
5.375
;.?;

6:1.25
6.375
6.625
6.875
7.125
7.375
7.625
7.875
8.I25
8.375
8.625
8.875
9.125
9.375
9.625
9.875

10.125
10.375
10.625
10.875
11.125
11.375
11.625

TABLEII

VARIABLEMACHNUMBERNOZZLE- LOWERBLOCKORDINATES

y=, in.

5.055
5.177
5.258
5.340
5.421
5.502
5.583
5.664
5.746
5.827
5.908
5.989
6.070
6.152
6.233
6.314
6.395
6.4’i’6
6.558
6.639
6.720
6.801
6.882
6.964
7.045
7.126
7.207
7.288
7*370
7.451
7.532
7.613
7.694
;.77:

7:938
8.019
8.100
8.182
8.263
8.344
8.425
8.506
8.587
8.668
tl.mo
8.831

11.875
u.976
12.125
12.250
~.375
1.2.500
32.625
12.7’50
=.875
13.000
13.125
13.250
13.375
13.500
13.625
13.750
13.875
14.000
14.125
14.250
14.375
14.500
14.625
14.750
14.875
15.000
15.125
15.250
15.375
15.mo
15.625
15.750
x5.875
16.000
16.m
16.250
16.375
16.500
16.625
16.fiO
16.875
17.000
17.X25
17.250
17.375
17.500

YLJ ‘“ II
xL, in.

8.9x2
8.945
8.993
9.032
9.071
9.109
9.147
9.185
9.223
9.260
9.296
9.332
9.36!3
9.403
9.437
9.471
9.504
9.537
9.570
9.602
9.634
9.666
9.698
9.729
9.760
9.789
9.817
9.845
9.873
9.900
9.926
9.952
9.978

10.002
10.026
10.049
10.072
10.094
10.115
10.136
10.157
10.177’
10.197
10.215
10.232?
10.248

17.625
17.750
17.875
18.066
18.125
18.250
18.375
ti.500
18.625
18.750
ti.875
19.000
19.I.25
19.250
19.375
19.500
19.625
19.7’50
19.875
21.125
21.375
2L.625
21.875
22.125
22.375
22.@
22.875
23.u25
23.375
23.625
23.875
24.1.25
24.375
24.625
24.875
25.1.25
25.375
25.625
25.875
26.1.25
26.375
26.625
26.875
27.125
27.375
27.625
27.720

yL, in.

10.264
10.279
10.294
10.308
10.320
10.329
10.337
10.343
10.349
10.354
10.359
10.360
10.361
10.362
10.363
10.364
10.365
10.365
10.365
10.361
10.359
10.358
10.357
10.354
10.351
10.340
10.325
10.305
10.277
10.243
10.198
10.145
10.085
10.013
9.923
9.823
9.698
9*537
9.343
9.113
8.813
8.h67
8.099
7.669
7.185
:. q;
.
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TABLEIII

POSITIONINGDIMENSIONSFORNOZZLEBLOCKS-

I Theoretical
Machnumber 1 ‘minlh

L 23
1.60
1.71
1.90
2.20
2.63
2.8o

0.96
.80
.74
.64
.50
.34
.29

d/h

1.73
1.26
1.07

● 77
● 33

-.17
-.33

Measured
Machnumber

1.27
1.54
1.66
1.87
2.15
2.57
2.75

TEST

TABLEN

REYNOLDSNuMBERs

I Equivalenttest-

TestReynolds sectionheightfor

number atmosphericstagnation
pressure,

ft

5.25 X 106 1.185
5*39 1.270
5.54 1.355
5.16 1.355
5.47 1.610
6.32 2.290
6.13 2*460

.

.

.
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Theoretical
Machnumber

1.25

1.60

1.71

1.90
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Figure1.-Continued.
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(e) M.2C139.

Figure1.. Concluded.
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Figure k.- Photograph of nozzle assembly.
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Figure lJ.. - Camplerke calibration results.
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(a) M = 1.54.

Figure 12.- Schlieren photogmph of flow in the nozzle.
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(b) M=l.87.

Figure 12.- Conttiueil..
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(c) M = 2.7’5.

Figure 12.- Concluded.
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